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Abstract. We present the study of transport properties of a superconducting
wire with strong Rashba spin-orbit coupling for different orientations of an
external magnetic field. Using the nonequilibrium Green’s functions in the
tight-binding approach the crucial impact of the relative alignment of lead
magnetization and the Majorana bound state (MBS) spin polarization on the
low-bias conductance and shot noise is presented. Depending on this factor the
transport regime can effectively vary from symmetric to extremely asymmetric.
In the last situation the current-symmetry breaking, the suppression of the MBS-
assisted conductance and specific Fano factor behavior lead to current-switch
effect. The persistence of these features under the presence of diagonal disorder
and phenomenologically modeled g-factor anisotropy is demonstrated. In the case
of paramagnetic leads the MBS spin polarization gives rise to the spin-filtering
effect depending on the magnetic-field orientation.
PACS numbers: 71.10.Pm,74.45.+c,74.78.Na,85.75.-d
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1. Introduction
The pursuit of experimental observation of a Majorana
fermion originally started in the field of particle physics
continued then in the solid-state systems [1, 2]. Within
the framework of the Kitaev model [3] it was shown
that the emergent quasiparticles appearing in the
many-body system with superconducting (SC) pairing
possess the self-Hermitian property of the Majorana
fermions. Additionally, these Majorana bound states
(MBSs) induced in low-dimensional structures have
exponentially small or zero energy and are spatially
separated. The last feature opens a way to utilize the
MBSs as the building blocks of fault-tolerant quantum
computers [4]. Since the MBSs obey non-Abelian
statistics [5] quantum information encoded in an MBS-
based qubit can be manipulated by braiding operations
[6, 7].
The existence of the MBSs was predicted in
many systems such as the surface of superfluid 3He-
B [8], the ν = 5/2 fractional quantum Hall system
(the Moore-Read Pfaffian state) [9], chiral p-wave
SC [10], the edge of 2D- [11] and 3D topological
insulator [12, 13]. For two 1D structures, the chain of
magnetic atoms [14, 15, 16] and semiconducting wire
[17, 18, 19], the experimental proofs of the presence
of the MBSs were provided. In last case the InSb or
InAs wires characterized by strong spin-orbit coupling
(SOC) in proximity to an s-wave SC were investigated.
Under the influence of an external magnetic field
an effective p-wave pairing is realized in the wire
and two MBSs appear at its opposite ends [20, 21].
The tunneling spectroscopy measurements reveal the
zero-bias conductance peak (ZBP) indicating resonant
Andreev transport processes through the zero-energy
MBS [22, 23, 24]. Among with this feature there are
a few different, e.g. the fractional Josephson effect
[11, 20, 25], electron teleportation [26, 27] and the
peculiarities of current fluctuations [28, 29], intensively
studied in topologically SC systems in the last decade.
These consequences of the self-Hermitian property of
the MBSs can be used both for their detection and in
different applications.
It is essential that the Majorana nature of the
ZBP is not a single interpretation. It was shown
that disorder [30, 31], size quantization [32, 33] and
the Kondo correlations [34] can also lead to the ZBP.
Therefore, it is necessary to analyze supplementary
information concerning quantum transport via the
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Figure 1. The superconducting wire between ferromagnetic
leads. Red circles indicate MBSs.
MBSs. One of the important characteristics is the spin
polarization of the MBS [35, 36]. It was demonstrated
in [35] that this value is significantly nonzero at
the edges of the wire and decays exponentially into
the center. Additionally, the sign of the spin
polarization at the edges depends on the type of the
SOC [35] and the external magnetic-field orientation
[37, 38]. The Andreev reflection (AR) [39] is also
nontrivially affected by the MBS spin polarization
leading to the selective equal-spin [40, 41] and
noncollinear AR [42]. Thus, this characteristic can be
considered as a local order parameter of topological
phase and probed in spin-polarized scanning tunneling
spectroscopy/microscopy measurements to detect the
MBSs.
Taking into account these properties in the present
article we analyze the influence of magnetic-field
orientation on quantum transport via the MBSs.
This problem was already partly investigated in
the experiment [17] with spin-degenerate transport
channels and revealed the presence of the ZBP for all
magnetic-field angles in the plane perpendicular to the
Rashba effective field. The importance of this issue
is additionally emphasized by the recent experiments
uncovered the g-factor anisotropy of low-dimensional
semiconducting structures [43, 44]. Here studying
spin-degenerate and -polarized transport we show that
the low-bias conductance brings the features allowing
both to detect the MBSs and employ that unusual
behavior in electronic applications, such as a current
switch and spin filter. In work [45] the current switch
assisted by the MBSs was already studied. The effect
was induced by the combination of quantum phase
transition and destructive interference. In contrast,
our proposal is based on the magnetic-gate control of
the MBS spin polarization as it is schematically shown
in Fig. 1. It is also demonstrated that the found
transport features persist in case of diagonal disorder
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and phenomenologically modeled g-factor anisotropy.
The article has been organized in some sections.
The model Hamiltonian is described in Section 2.
The derivation of current formula in terms of the
nonequilibrium Green’s functions in the tight-binding
approach is discussed in Section 3. The features of
the MBS spin polarization are analyzed in Section
4. The magnetic-field orientation dependence of the
conductance and shot noise is considered in Section
5. In Section 6 we discuss the influence of Anderson
disorder and g-factor anisotropy on the conductance
and noise. Conclusions are given in the Section 7.
2. The model Hamiltonian
Let us consider a semiconducting wire with the strong
Rashba SOC deposited on a grounded s-type SC
substrate (see Fig. 1). Hereinafter we name it a
’superconducting wire’ taking into account an induced
SC pairing in the wire characterized by a parameter
∆. An external magnetic field B = (Bx, 0,−Bz) =
B (cos θ, 0,− sin θ) is assumed to be oriented at an
arbitrary angle in the plane perpendicular to the
Rashba effective field BSO ‖ y. We suppose that in
electronic applications the direction and amplitude of
the magnetic field can be manipulated by a ’magnetic
gate’, e.g. as it was proposed to manipulate domain-
wall motion in [46].
The SC wire is described by the following
microscopic Hamiltonian:
HˆW =
N∑
j=1
[∑
σ
ξσa
+
jσajσ + ∆aj↑aj↓ − Vxa+j↑aj↓ +H.c.
]
−
N−1∑
σ;j=1
[
t
2
a+jσaj+1,σ +
α
2
σa+jσaj+1,σ +H.c.
]
, (1)
where ajσ - an electron annihilation operator on jth
site of the wire with spin σ; ξσ = t+σVz−µ - an on-site
energy of the electron with spin σ taking into account
the Zeeman component Vz; µ - a chemical potential of
the system; Vx(z) = µBBx(z) - x- and z-components
of the Zeeman energy; t - a nearest neighbor hopping
parameter; α - an intensity of the Rashba SOC. From
experimental point of view it is interesting to note that
the longitudinal component of the magnetic field can
be treated as an intrinsic SOC [47]. In turn that is
possible to control Vx by gate voltage by analogy with
the extrinsic (Rashba) SOC [48].
The wire on the substrate is situated between
the ferromagnetic leads. The corresponding mean-field
Hamiltonians are given by
Hˆi =
∑
lσ
{[
ξl − eVi
2
− σMi cos θi
]
c+lσclσ
−Mi sin θic+lσclσ
}
, i = L,R, (2)
where c+lσ - an electron creation operator in ith lead
with a wave vector l, spin σ and an energy ξl = l−µ;
Mi =
1
2gµBhi - an energy of the ith lead magnetization
hi; θi - an angle between hi and z axis in the xz plane;
σ = ±1 or ↑, ↓. The bias voltage ±V/2 is applied to
the left (right) lead.
The interaction between the leads and the SC wire
is given by a standard tunnel Hamiltonian,
HˆT = tL
∑
kσ
c+kσa1σ + tR
∑
pσ
c+pσaNσ +H.c., (3)
where tL(R) - a tunnel parameter between the left
(right) lead and the wire. Thus the total Hamiltonian
of the system is Hˆ = HˆL + HˆR + HˆT + HˆW .
3. Current in terms of the nonequilibrium
Green’s functions in the tight binding
approach
To calculate the spin-dependent transport properties of
the SC wire modeled by the microscopic tight-binding-
type Hamiltonian (1) we employ the nonequilibrium
Green’s functions [49, 50, 51] in the spin⊗Nambu space
[24, 42].
In order to simplify the derivation of the current
formula we make a few diagonalizing steps before.
Firstly, it is the Bogolubov transformation for the
ferromagnetic contacts [52],
ck(p)σ = αk(p)σ cos
θL(R)
2
− σαk(p)σ sin
θL(R)
2
. (4)
Secondly, we introduce the field operators in the
spin⊗Nambu space which allow to take into account
both the SC pairing and spin-flip processes in the
system,
ψ̂k(p) =
(
αk(p)↑ α
+
k(p)↓ αk(p)↓ α
+
k(p)↑
)T
, (5)
ψ̂W =
(
a1↑ a+1↓ a1↓ a
+
1↑ ... aN↑ a
+
N↓ aN↓ a
+
N↑
)T
.
As a result the summands in Hˆ become
HˆW = ψ̂
+
W ĥW ψ̂W + const, (6)
HˆT =
∑
k
ψ̂+k T̂L (t) P̂1ψ̂W +
∑
p
ψ̂+p T̂R (t) P̂N ψ̂W +H.c.,
where ĥW - an 4N × 4N matrix with the following
nonzero blocks
Hjj =
1
2

ξ↑ ∆ −Vx 0
∆ −ξ↓ 0 Vx
−Vx 0 ξ↓ −∆
0 Vx −∆ −ξ↑
 , (7)
Hj,j+1 = Hj,j−1 =
1
2

− t2 0 −α2 0
0 t2 0 −α2
α
2 0 − t2 0
0 α2 0
t
2
 .
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The tunnel coupling matrices, T̂i (t) (i = L,R), are
received by performing a gauge transformation [52, 53],
T̂i (t) = R̂it̂i (t) , (8)
R̂i =

cos θi2 0 sin
θi
2 0
0 cos θi2 0 − sin θi2
− sin θi2 0 cos θi2 0
0 sin θi2 0 cos
θi
2
 ,
t̂i (t) =
ti
2

e−i
eV
2 t 0 0 0
0 −ei eV2 t 0 0
0 0 e−i
eV
2 t 0
0 0 0 −ei eV2 t
 ,
The 4 × 4N matrices P̂1 =
(
Î Ô
)
and P̂N =
(
Ô Î
)
act as projection operators and consist of a 4× 4 unit
matrix, Î, and a zero block, Ô [54].
Let us introduce the matrix nonequilibrium
Green’s functions in terms of the above-described field
operators (5) as
Ĝnm (τ, τ
′) = −i
〈
T̂C ψ̂n (τ)⊗ ψ̂+m (τ ′)
〉
, (9)
n,m = k, p,W,
where T̂C is a Keldysh-contour ordering operator. Next
the current in the left lead is given by ÎL = eN˙L
(NL =
∑
kσ α
+
kσαkσ is a particle operator in the left
lead). And, after some manipulations, we finally find
〈ÎL〉 = 2e
∑
k
Tr
[
Re
{
σ̂T̂+L (t) Ĝ
<
kW (t, t) P̂
+
1
}]
=
= e
+∞∫
−∞
dω
pi
Tr
[
Re
{
σ̂
(
Σ̂rLĜ
<
1,1 + Σ̂
<
L Ĝ
a
1,1
)}]
, (10)
where σ̂ = diag (1,−1, 1,−1) accounts for the
electron and hole transport channels; Σ̂L (t, t
′) =
T̂+L (t) ĝk (t, t
′) T̂L (t′) - the matrix self-energy function
describing the influence of the left lead on the wire;
ĝk (t, t
′) - the free-particle Green’s function of the left
lead; Ĝ<,aj,j = P̂jĜ
<,a
W P̂
+
j - the Fourier transforms of
the lesser and advanced Green’s functions of the wire
which are projected on the jth site subspace.
The retarded and lesser/greater Green’s functions
can be obtained from the Dyson and Keldysh
equations, respectively,
ĜrW =
(
ω − ĥW − Σ̂r
)−1
, ĜaW =
(
ĜrW
)+
, (11)
Ĝ
≶
W = Ĝ
r
W Σ̂
≶ĜaW . (12)
In expressions (11), (12) the total self-energy function
of the system is Σ̂n = P̂+1 Σ̂
n
LP̂1 +P̂
+
N Σ̂
n
RP̂N and the ith
lead components are Σ̂ri = − i2 Γ̂i, Σ̂<i =
(
Σ̂ai − Σ̂ri
)
F̂i,
where
Γ̂i =

Γi11 0 Γi12 0
0 Γi22 0 Γi12
Γi12 0 Γi22 0
0 Γi12 0 Γi11
 , (13)
F̂L(R) = diag
(
n (ω ± eV/2) , n (ω ∓ eV/2) ,
n (ω ± eV/2) , n (ω ∓ eV/2)
)
.
Here Γi11 = Γ
+
i cos
2 θi
2 +Γ
−
i sin
2 θi
2 , Γi22 = Γ
+
i sin
2 θi
2 +
Γ−i cos
2 θi
2 , Γi12 =
1
2
(
Γ+i e
−iφi − Γ−i eiφi
)
sin θi. Γ
+(−)
i =
2pi
(
ti
2
)2
ρ
+(−)
i - the coupling strength between the wire
and the majority (minority) subband of the ith lead;
ρ
+(−)
i - the DOS of the majority (minority) subband
of the ith lead; φi - an ith lead magnetization angle in
the xy plane. In further analysis we use the conven-
tion: φi = 0 if θi > 0 and φi = pi if θi < 0 [42]. In the
calculations below the leads are treated in the wide-
band limit. It means that Γ
+(−)
i = const. The ith lead
polarization, Pi, defines the degree of the spin polar-
ization of the carriers, Pi =
(
Γ+i − Γ−i
)
/
(
Γ+i + Γ
−
i
)
.
In this study, unless stated otherwise, we focus on the
transport properties of the half-metallic leads, PL =
PR = P = 1 (NiMnSb or CrO2 [55]) and consider the
symmetric transport regime, ΓL = ΓR.
As it was already shown before the nonlocality of
the MBSs and their coupling can be effectively probed
by the measurements of the current fluctuations,
δI (t) = I (t) − 〈I (t)〉 [26, 28, 29, 42]. In this work
we analyze the autocorrelations of the current in the
leads. In particular, the noise spectral density in the
left lead can be written as
SL (ω) =
∫
dteiωt〈δIL (t) δIL (0)+δIL (0) δIL (t)〉. (14)
Substituting (10) into (14) the zero-frequency shot
noise in terms of the nonequilibrium Green’s functions
is given by [24, 56]
SL (ω) = 2e
2
+∞∫
−∞
dω
2pi
Tr
[
σ̂Σ̂<L σ̂Ĝ
>
1,1 + Ĝ
<
1,1σ̂Σ̂
>
L σ̂ (15)
− σ̂
[
Σ̂LĜ1,1
]<
σ̂
[
Σ̂LĜ1,1
]>
−
[
Ĝ1,1Σ̂L
]<
σ̂
[
Ĝ1,1Σ̂L
]>
σ̂
+ σ̂
[
Σ̂LĜ1,1Σ̂L
]>
σ̂Ĝ<1,1 + Ĝ
>
1,1σ̂
[
Σ̂LĜ1,1Σ̂L
]<
σ̂
]
,
where the following relations of the nonequilibrium
Green’s functions are used [AB]
≶
= ArB≶ + A≶Ba,
[ABC]
≶
= ArBrC≶C + ArB≶Ca + A≶BaCa [57].
The similar expressions for the right current and zero-
frequency noise power can be easily derived.
In many experimental and theoretical works
concerning the topologically SC wires the relation
between the parameters of the system is typically
t α, Vx,z, ∆ [17, 24]. Here in the calculations below
we choose slightly different condition t ∼ α, Vx,z, ∆.
In the last case the oscillation period of the Majorana
zero mode energy increases, in comparison with the
former [37]. It considerably simplifies the transport
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Figure 2. The magnetic-field orientation dependence of the MBS spin-dependent probability densities. Parameters: µ = 0,
∆ = 0.4, α = 2, N = 30.
calculations. Additionally, for the sake of simplicity,
we will analyze the transport at low temperatures
kT = 10−10 and use the hopping parameter t = 1
in energy units.
4. The MBS spin polarization
In the work [35] authors showed that the MBS
possesses nontrivial spin polarization. It exponentially
decreases from the ends to the center of the wire and
can have different sign at the edges. In this section we
will extend these results to the case of the randomly
oriented magnetic field in the xz plane perpendicular
to the effective Rashba field. To study the MBS spin
polarization we employ the Bogolubov transformation,
βl =
N∑
n=1
[
ulnan↑ + vlna+n↓ + wlnan↓ + zlna
+
n↑
]
. (16)
In terms of (16) the MBS is treated as an excitation
with the lowest positive energy, EM , if the parameters
of the system satisfy the topological phase conditions,
µ2 + ∆2 < V 2x + V
2
z < (2t− µ)2 + ∆2 [20, 21, 38]. In
order to simplify numerical calculations in the article
out of this parametric area all physical quantities are
set equal to zero owing to the fact that the spin
polarization of the lowest-energy excitation is vanishes
and EM quickly increases in topogically trivial phase.
In Figures 2 the spin-resolved MBS probability
densities at the left (right) end site of the wire,
PM,L(R)σ, are demonstrated as functions of the
magnetic-field orientation and amplitude. According
to the wire’s Hamiltonian (1), PM,L(R)↑ = 2 |
uM,1(N) |2 (| uM,1(N) |'| zM,1(N) |) have maxima
at the lower part of the maps and are suppressed in
the opposite fields (see Figs. 2a,c). The behavior of
PM,L(R)↓ = 2 | vM,1(N) |2 (| vM,1(N) |'| wM,1(N) |)
is vice versa (see Figs. 2b,d). Thus, as expected, the
maxima for opposite spins at the same edge take place
at the fields having opposite sign. Simultaneously,
the maxima of PM,iσ at opposite edges for given Vz
appear at the opposite longitudinal fields (compare, for
example, Figs. 2a and c). As we will show further the
features of PM,L(R)σ mostly define the MBS-assisted
spin-polarized transport in the system.
In order to explain given magnetic-field orienta-
tion dependencies in more details it is useful to consider
two limit cases: perpendicular V1 (Vx = 0, Vz = 1) and
longitudinal V2 (Vx = 1, Vz = 0) magnetic fields. In
Magnetic-field orientation dependence 6
A
B
Figure 3. The magnetic-field orientation dependence of the low-bias conductance of the left (a) and right (b) lead and the
corresponding Fano factors (c, d). Parameters are the same as in Figure 2.
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Figure 4. (a) The bias-voltage dependence of the conductances (a) and the Fano factors (b) of the leads. Inset of (a): the zero-bias
behavior of the conductances of the half-metallic (solid and dashed) and paramagnetic (dotted) leads. Parameters correspond to
the point A in Figure 3a (Vx = 0.95, Vz = 0.8).
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V1 the z-component of the MBS spin polarization
PM,i = PM,i↑ − PM,i↓ is negative at both edges and
PM,L = PM,R whereas PM,R = −PM,L in V2. Hence,
there is a range of the magnetic-field angles close to
pi/4 where PM,R ≈ 0 [37, 38]. At the same time PM,L
for this particular direction has a maximal amplitude
since on-site energy splitting is originated from both
Vx and Vz components [47]. Similar situation is ob-
served at the other magnetic-field orientations: in each
quarter of the canted field the absolute value of the
z-component of the MBS spin polarization is maximal
at one end and minimal at the opposite. Note that our
qualitative formula of PM,i gives the numerical results
which just quantitatively differ from the ones based on
the rigorous definition [35].
5. Magnetic-field orientation dependence of
the conductance and shot noise
Now we turn to the behavior of the MBS-assisted
conductance and noise. In spin-polarized regime
the transport is strongly determined by not just
pure coupling strengths Γ+,−L(R) but rather the effective
ones which also include the information about the
spin-dependent lifetime of the MBSs proportional to
PM,L(R)σ. This is confirmed by the magnetic-field
orientation dependencies of the low-bias (eV = 10−4)
conductances of the left and right leads in Figures
3a and b respectively. Here we start with the
situation where the magnetizations are parallel and
σ =↑ is a majority-spin projection. Both maps look
similar as the sequences of concentric rings where the
conductance is about 2G0 (hereinafter the MBS rings).
Such peculiarities are the result of resonant transport
via the MBSs [22, 29]. The periodical appearance of
the conductance maximum with increasing magnetic-
field amplitude is in agreement with the oscillations
of the MBS energy [37] caused by the magnetic-field
periodical dependence of the coupling between the
MBSs, tγ [58, 59, 60]. Since there are only spin-up
carriers in the leads the effective couplings with the
wire and the conductances are greater in the lower
half-plane, according to the model Hamiltonian (1).
It is explained by the above-observed properties of
the spin-up MBS probability densities (see Figs.2a,c)
and nonlocal character of the transport. In general,
the conductance of the contact with topologically SC
system is greater if the lead’s polarization is parallel
to the magnetic field that is confirmed by experiment
[61]. In the upper half-plane the MBS rings of GL
and GR become thinner and the breaks appear for two
magnetic-field orientations, Vx ≈ Vz and Vx ≈ −Vz,
respectively. Thus, we get obvious current-symmetry
breaking, IL 6= −IR, in these parametric regions.
Such a situation in charge nonconserving system is not
realized in the symmetric coupling and voltage regime,
ΓL = ΓR and VL = VR, if leads are paramagnetic
[62, 63].
In our system perfectly spin-polarized current
from the left (right) lead is significantly hampered due
to the vanishing same-spin MBS probability density at
the left (right) wire’s end. As a result, the left (right)
effective coupling strength is extremely decreased and
the regime turns to be strongly asymmetric at Vx ≈ Vz
(Vx ≈ −Vz). Consequently, at both orientations the
transport properties of the system are qualitatively
similar to those observed at one-lead geometry. For
example, if Vx ≈ Vz the wire is virtually connected
only with the right lead. Then GL is close to zero
and GR tends to unity. To explain it minutely we
plotted the left- and right conductances as functions
of bias voltage in the magnetic field corresponding to
the Majorana zero mode (see the point A in Fig. 3a).
It is seen that the right conductance is 2G0 at low
voltages but at zero bias it forms a sharp dip (see
Fig. 4a). That is similar to the behavior of the
MBS-assisted one-lead transport [22, 24]. However,
the weak but non-zero coupling with the left lead gives
rise to GL,R (eV = 0) 6= 0 (see inset of Fig. 4a). It is
also in agreement with the predictions of the model-
independent scattering matrix theory valid in the low-
energy limit [28]. In particular, it explains the influence
of tγ and ΓL,R on the conductance peak position. In
extremely asymmetric situation the ZBP splitting and
the local minimum at the zero bias emerge when tγ
exceeds even very small critical value [24].
The left- and right low-bias current-noise calcula-
tions display asymmetry as well (see Fig. 3c,d). The
right Fano factor, FR = SR/2eIR, approaches 2 at
low conductance if Vx ≈ Vz (see the red noise trail
at Fig. 3d). One points out that the transport in this
case is predominantly mediated by equal-spin local AR
[29, 40] and is typical for one-lead regime. In oppo-
site, the left Fano factor, FL, approaches 1 for all the
magnetic-field amplitudes as the coupling with the SC
wire is suppressed for the given orientation. The Fano
factors corresponding to the MBS rings are zero in-
dicating the Majorana-induced resonant Andreev tun-
neling [24]. The bias-voltage dependence of the Fano
factors for Vx ≈ Vz at the Majorana zero mode ad-
ditionally shows that at zero bias the perfect analogy
with the one-lead case cannot be drawn since FL,R ' 1
(see Fig.4b). In addition, the right noise in the red-trail
region of Fig. 3d (eV/2 < EM ) also tends to unity at
zero bias (not shown at Fig. 4b). Those are the sig-
natures of the strongly asymmetric two-lead transport
[28, 24] (see also Appendix A). If the leads are param-
agnetic there is no conductance asymmetry, GL = GR,
and the ZBP is observed (see dotted line in the inset
of Fig.4a).
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Figure 5. The magnetic-field orientation dependence of the spin polarization of the current in the left (a) and right (b) paramagnetic
lead. Parameters are the same as in Figure 2.
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Figure 6. The scheme of the MBS-assistant current switch.
(a) IL → 0 and I0 ≈ −IR since PM,L = PM,L↓ and θL = 0
for Vx > 0, Vz ≈ Vx; (b) IR → 0 and I0 ≈ −IL since
PM,R = PM,R↓ and θR = 0 for Vx < 0, Vz ≈ −Vx; (c) I0 → 0
and IL ≈ −IR if Vx 6= ±Vz .
Taking into account the behavior of the MBS
spin-resolved probability densities it is not difficult
to describe the dependencies of the conductances and
Fano factors analogous to those in Figures 3 if there
is antiparallel configuration of the half-metallic leads
(θL = 0, θR = pi). In this case the MBS-assisted
spin-polarized transport is substantially defined by the
densities PM,L↑ and PM,R↓. Then, according to Figures
2a and d, the width of the MBS rings is greater in the
half-plane Vx < 0. In turn the gaps in the rings appear
in Vx > 0: Vz ≈ Vx for GL and Vz ≈ −Vx for GR.
Consequently, the tunnel magnetoresistance (TMR)
of both leads, TMRL,R =
GPL,R−GAPL,R
GAPL,R
, significantly
increases for the magnetic fields Vx > 0, Vz < 0. And
it takes extremely high values if Vx > 0, Vz ≈ −Vx.
TMR is exactly zero in the MBS rings.
Figure 7. The magnetic-field orientation dependence of the
left conductance in the presence of Anderson disorder in the SC
wire. Parameters are the same as in Figure 2.
The effect of the magnetic field on the spin-
polarized transport in the topologically SC wire is
similar to the effect of the electric gate field in the
spin transistor described by Datta and Das [64]. Thus,
the SC wire can be considered as an active element of
spin field-effect transistor if the magnetic field in the
system is controlled by the magnetic gate. Moreover,
the obtained nontrivial MBS spin polarization can be
exploited to obtain perfect spin-filtering effect in the
situation with paramagnetic leads. In Figures 5a and b
the corresponding spin polarization, Poli =
Gi↑−Gi↓
Gi↑+Gi↓
, is
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Figure 8. The magnetic-field orientation dependence of the left-lead conductance (a) and Fano factor (b) taking into account
g-factor anisotropy. Parameters are the same as in Figure 2.
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Figure 9. The magnetic-field orientation dependencies of gx
and gz .
plotted. The behavior of Poli is similar to PM,i. There
are four magnetic-field orientations where the current
in one lead is perfectly spin-polarized but absolutely
unpolarized in the opposite lead.
It is worth to note that from experimental point
of view the conductance of the SC wire, G =
1
2
d
dV (IL − IR) = 12 (GL +GR), is more interesting.
Taking into account the behavior of GL and GR
(Fig.3a,b) we see that the height of the MBS
rings of G for two magnetic-field orientations (with
approximately pi/2 angle between them) is G0 instead
of 2G0. In other words the direction of the current in
the SC substrate, −I0 = IL + IR, can be controlled by
the magnetic field. If Vz ≈ Vx and eV/2 > EM that
IL ≈ 0 (since in the low-bias regime only the MBS
participates at transport), I0 ≈| IR | as it is shown in
Fig. 6a. Similarly, if Vz ≈ −Vx and eV/2 > EM that
IR ≈ 0, I0 ≈ − | IL | (Fig. 6b). Finally, if Vx 6= ±Vz
and eV/2 > EM that IL ≈ −IR and I0 ≈ 0 (Fig.
6c). In contrast to [65] the conductance corresponding
to I0 is not zero for Vz ≈ ±Vx if the coupling of the
SC wire with the leads is symmetric, ΓL = ΓR, and
is approximately equal to 2G0. Thus, the effect of the
current switch can be used to detect Majorana fermions
and in electronic applications. In Appendix B the
influence of left and right magnetization orientations
on the current asymmetry is presented.
6. Influence of disorder and g-factor anisotropy
In this section we discuss the impact of some factors
which arise in experimental situations on the observed
features of the transport properties. First is the
presence of disorder due to impurities in the wire. We
considered the influence of Anderson disorder, modeled
as an additional on-site random potential wj varying
in range [−t/2, t/2], on the transport. The left-lead
conductance is depicted in Fig. 7. The magnetic-field
orientation dependence is not changed qualitatively.
However, the width of the MBS rings becomes thinner.
And, as a result, the regions where the MBS rings are
broken become slightly wider.
Recently considerable attention has been paid to
the problems of g-factor asymmetry in semiconducting
low-dimensional structures. The experiments revealed
significant change of the g-factor when magnetic field
was rotated [43, 44]. In semiconducting nanowires
which are perspective to experience topologically
nontrivial phase orbital motion of carriers and
the existence of subbands due to confinement are
considered as a mechanism responsible for the g-factor
anisotropy [66, 67]. Since the studied structure is
exactly one-dimensional we used a phenomenological
model based on the theoretical [67] and experimental
[43] results. Specifically, it was supposed that g-
factor decreases two times when the magnetic field
is rotated by pi/2, i.e. gx = 4 and gz = 2.
The derived magnetic-field orientation dependencies
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Figure 10. The bias-voltage dependence of the conductance (a) and noise Fano factor (b) of the paramagnetic leads for different
asymmetry parameter y = ΓL
ΓR
. Parameters correspond to the point A in Figure 3a.
of gx and gz are plotted in Fig. 9. The resulting
surfaces of the left-lead conductance and Fano factor
experience transformation because of new topological
phase conditions, µ2 + ∆2 < 14
(
g2xV
2
x + g
2
zV
2
z
)
<
(2t− µ)2 + ∆2 (see Figs. 8a and b respectively). It
leads to the dependence of the Majorana zero mode on
the magnetic-field angle which is clearly seen in Figs.
8a,b. However, the above-described features are not
changed qualitatively. In particular, the MBS rings
become flower-shape dependencies where the MBS
resonances are suppressed at θ ≈ pi4 . The Fano-factor
red trail remains at θ ≈ pi4 + pi2 .
Thus, the suppression of the MBS rings and,
consequently, current-switch effect can persist under
the presence of diagonal disorder and g-factor
anisotropy.
7. Conclusion
We studied the influence of the magnetic-field
orientation on quantum transport in the SC wire.
Using the nonequilibrium Green’s functions and
microscopic tight-binding description of the SC wire
it is demonstrated that the low-bias conductance
and shot noise behavior is defined by the MBS spin
polarization if the leads are half-metals. In particular,
the width of the MBS rings in the lead conductance
increases for the magnetic-field orientations in which
the lead magnetization and the MBS spin polarization
are oriented in the same direction. If they are
antiparallel the corresponding conductance vanishes.
Simultaneously, the MBS rings in the conductance
of opposite lead survive and the corresponding Fano
factor displays specific noise trail indicating the
domination of the MBS-assisted local AR processes.
These effects give rise to strong current asymmetry
in the system. Taking it into account we propose
the MBS-assisted current switch device where charge
carrier flow can be controlled by magnetic gate. There
are three possible paths of the current: (a) from
the substrate to the right lead if Vx ≈ Vz; (b)
from the left lead to the substrate if Vx ≈ −Vz;
(c) from the left to right lead if Vx 6= ±Vz. This
feature survives in the presence of Anderson-type
disorder and phenomenologically modeled g-factor
anisotropy. The control of the spin polarization of
the current in paramagnetic leads by magnetic field
is shown. In addition, we demonstrated the possibility
to manipulate the MBS-assisted current by changing
the magnetization direction. The obtained features
of the transport properties can be used to detect
the MBSs in spin-polarized spectroscopy/microscopy
experiments and develop electronic and spintronic
applications based on the topologically SC wires.
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Appendix A. Superconducting wire between
paramagnetic leads in asymmetric regime
The bias-voltage dependencies of the conductance and
noise similar to the above-described in Fig. 4 can be
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Figure 11. The magnetization-angle dependencies of the (a) left- and (b) right conductances. Parameters correspond to the point
A in Figure 3a.
Figure 12. The magnetization-angle dependencies of the left conductance (a) and Fano factor (b). Parameters correspond to the
point B in Figure 3a.
observed when y = ΓLΓR 6= 1 [24, 62, 63]. It is clearly
seen in Figures 10 that the decreasing of y completely
changes the conductances. If y = 10−2 the asymmetry
in the transport characteristics can be still neglected.
However, for y = 10−6 we get the curves resembling the
ones in Fig. 4a. The Fano factor of the lead stronger
coupled with the topologically SC wire tends to 2 at low
and zero bias if y diminishes (see the set of blue curves
in Fig. 10b) pointing out the MBS-assisted local AR.
On the contrary, the noise characteristic of the opposite
end approaches unity. Note that in the situation of
paramagnetic or unparallel half-metallic leads crossed
AR additionally contributes to nonlocal transport [28]
and is equal to the elastic cotunneling part in the linear
response regime [41, 68, 69].
Appendix B. Influence of the orientations of
the magnetizations on the conductance and
noise
In [42, 70] the significant influence of the orientations
of the molecular fields in the ferromagnetic leads, θL,R,
on the MBS-mediated AR and tγ was investigated.
In this Appendix we show how the above-described
current asymmetry depends on θL,R. For the magnetic
field fitting the case GL = 0, GR = 1 and θL,R =
0 (see the point A in Fig. 3a) the magnetization-
angle dependencies of the conductances are plotted in
Figures 11. It is seen in Fig. 11a that the GL minimum
are not affected by the θR. It emphasizes the local
nature of this conductance suppression when at one
edge the magnetization and the MBS spin polarization
become oppositely directed. The conductance GR can
also be suppressed for certain hR directions (see the
horizontal areas in Fig. 11b). Moreover, there are two
configurations of the magnetizations (θL = 0, θR ≈
3
2pi) and (θL = 0, θR ≈ − 32pi) when both GL and GR
Magnetic-field orientation dependence 12
vanish.
The conductance behavior may be more sophisti-
cated. To demonstrate the different possible scenarios
the other initially low-conductance point is considered
(the point B in Fig. 3a). In Fig. 12a the left conduc-
tance is presented (the map of GR is very similar in
this case). The dependence is the combination of pre-
viously obtained ones. The two couples of the regions
where GL is suppressed are well-defined. In each cou-
ple the areas are located symmetrically with respect
to θL or θR axis. Simultaneously, the shot noise plot
gives additional information (see Fig. 12b). It points
out that the vertical areas are caused by tending to
zero left effective tunnel coupling since FL → 1 and
FR → 2 (the last is not shown here). It is important
to note that as in the Fig. 11a the angle of right mag-
netization doesn’t influence on the left conductance in
these zones. The horizontal areas are characterized by
FL → 2 and FR → 1 and can be explained by the
magnetization-angle impact on tγ [70]. Thus, for some
orientations of the magnetizations the current-switch
effect can be suppressed.
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